[1] A rigorous discrete ordinates radiative transfer formulation has been applied to two Advanced Very High Resolution Radiometer (AVHRR) images extracted from telemetry collected by the CCGS Des Groseilliers satellite tracking system during SHEBA to estimate cloud optical depth and effective radius of the cloud droplet size distribution. The two cases, from 2 and 3 June 1998, were chosen for analysis because (1) the images contained mostly liquid water clouds and (2) contemporaneous MODIS Airborne Simulator (MAS) overflight imagery was available for these AVHRR overpasses. The objective is to apply the same detailed radiative transfer formulation to both the MAS and AVHRR data so that the quality of the retrievals from the latter can be evaluated. Retrievals of cloud optical properties from MAS are assumed to be more reliable, because (1) all MAS channels have direct radiometric calibration, (2) the higher spatial resolution of MAS (50 m nadir versus 1.1 km nadir with AVHRR) should yield smaller uncertainties related to partially cloudy pixels in a given study area, and (3) effective droplet radius can be retrieved directly from the MAS 1.62-mm channel without additional uncertainties involved with subtracting a thermal radiance component. Examination of the retrievals from both sensors in these two cases reveals considerable spatial variability (more than a factor of 2) in cloud optical depth, on a variety of scales ranging from tens of meters to tens of kilometers, even for relatively uniform liquid water clouds. Retrievals of cloud effective droplet radius from AVHRR are generally consistent with those from MAS, suggesting that AVHRR can be reliably used to estimate this quantity. However, AVHRR-based retrievals of cloud optical depth are subject to large errors that result from small uncertainties in the absolute radiometric calibration of AVHRR channel 2. Using recalibration coefficients from one of the more robust AVHRR postlaunch calibration efforts, the cloud optical depths that we retrieved from NOAA 14 AVHRR channel 2 are consistently 30-50% larger than those obtained from MAS. The intercomparison of MAS and AVHRR retrievals of cloud optical depth also revealed errors with AVHRR due to partial cloud cover, and these errors are not immediately apparent when examining the AVHRR retrievals alone. If the AVHRR retrievals are averaged to spatial resolutions of order 10-30 km, they appear to become more stable for use in applications such as atmospheric energy budget calculations. 
[1] A rigorous discrete ordinates radiative transfer formulation has been applied to two Advanced Very High Resolution Radiometer (AVHRR) images extracted from telemetry collected by the CCGS Des Groseilliers satellite tracking system during SHEBA to estimate cloud optical depth and effective radius of the cloud droplet size distribution. The two cases, from 2 and 3 June 1998, were chosen for analysis because (1) the images contained mostly liquid water clouds and (2) contemporaneous MODIS Airborne Simulator (MAS) overflight imagery was available for these AVHRR overpasses. The objective is to apply the same detailed radiative transfer formulation to both the MAS and AVHRR data so that the quality of the retrievals from the latter can be evaluated. Retrievals of cloud optical properties from MAS are assumed to be more reliable, because (1) all MAS channels have direct radiometric calibration, (2) the higher spatial resolution of MAS (50 m nadir versus 1.1 km nadir with AVHRR) should yield smaller uncertainties related to partially cloudy pixels in a given study area, and (3) effective droplet radius can be retrieved directly from the MAS 1.62-mm channel without additional uncertainties involved with subtracting a thermal radiance component. Examination of the retrievals from both sensors in these two cases reveals considerable spatial variability (more than a factor of 2) in cloud optical depth, on a variety of scales ranging from tens of meters to tens of kilometers, even for relatively uniform liquid water clouds. Retrievals of cloud effective droplet radius from AVHRR are generally consistent with those from MAS, suggesting that AVHRR can be reliably used to estimate this quantity. However, AVHRR-based retrievals of cloud optical depth are subject to large errors that result from small uncertainties in the absolute radiometric calibration of AVHRR channel 2. Using recalibration coefficients from one of the more robust AVHRR postlaunch calibration efforts, the cloud optical depths that we retrieved from NOAA 14 AVHRR channel 2 are consistently 30-50% larger than those obtained from MAS. The intercomparison of MAS and AVHRR retrievals of cloud optical depth also revealed errors with AVHRR due to partial cloud cover, and these errors are not immediately apparent when examining the AVHRR retrievals alone. If the AVHRR retrievals are averaged to spatial resolutions of order 10-30 km, they appear to become more stable for use in applications such as atmospheric energy budget calculations.
Introduction
[2] The SHEBA field data sets and the FIRE Arctic Clouds Experiment aircraft data sets [Curry et al., 2000] are in many ways superior and more diverse than climatological data acquired previously in the high Arctic. However, in situ field data are point measurements in either time or space. Aircraft experiments, while capable of covering a large geographic area, are limited in duration and are by definition case studies. To fully realize the potential of the SHEBA and FIRE data sets for improving global climate model (GCM) simulations, there remains the important task of generalizing these measurements, and the new findings derived from them, to spatial scales comparable to one or more GCM grid cells. Satellite data are indispensable for this purpose, as only satellite imagery can provide the necessary instantaneous views of large geographic areas that enable the comparison of point measurements to the meteorology and radiation budget of an entire region. For example, the NOAA polar orbiter data set collected using the satellite tracking antenna aboard the Des Groseilliers, contains an average of ten satellite overpasses per day for the duration of the SHEBA experiment. This data set enables the study of both the radiation budget and the atmospheric dynamics of an area of more than 2 Â 10 5 km 2 , centered about SHEBA, over the course of a full annual cycle and with adequate time sampling for diurnal variability.
[3] There are many questions that satellite data can help answer. For example, if the in situ aircraft data reveal a certain range in droplet or ice particle size distribution in a certain type of cloud, then satellite retrievals calibrated against the in situ case can be used to help investigate the temporal and spatial frequency of this cloud's occurrence in a GCM grid cell centered over the SHEBA ice camp. The principles of retrieving cloud optical properties from backscattered solar spectral radiance measurements have been developed by Nakajima and King [1990] . Satellite retrievals of cloud fraction, used with retrievals of cloud optical properties to derive a map of the surface radiation budget, can illustrate how representative the point surface measurements are on scales of order 100 km. Thus, satellite data have the potential to contribute both to an understanding of the important Arctic radiative feedback mechanisms, and to developing and testing improvements to GCMs.
[4] The critical reader may view the preceding paragraphs as idealistic and overly optimistic, because all satellite sensors have limitations when used for research purposes other than those for which they were specifically designed. The ideal satellite remote sensor for high latitude cloud research would have a spatial resolution of order 10 meters, to minimize errors associated with the single pixel approximation. It would always have a near-nadir view to minimize bidirectional reflectance effects. For retrieval of cloud optical depth, it would include measurements perhaps at 0.380, 0.780, and 0.995 mm, so as to be largely free of trace gas absorption and to also account for the spectral variability in the albedo of many Arctic surfaces [Grenfell and Perovich, 1984] . For retrieval of cloud phase and effective particle size, it would include measurements at exactly 1.55 and 1.65 mm (for cloud water phase discrimination, taking advantage of ice versus liquid water refractive index differences within this atmospheric window), and also within the 2-mm window. All of these channels would have a bandwidth of only 10 nanometers (so that the instrument response function could be neglected), and would have on-board radiometric calibration to within ±2%. For SHEBA, we have very little of the above -instead we have Advanced Very High Resolution Radiometer (AVHRR) data. The AVHRR was designed primarily to provide high quality weather imagery at moderate spatial resolution, over regional scales at all latitudes.
[5] The AVHRR sensor has a spatial resolution of at best (nadir) 1.1 km, with solar zenith, satellite zenith, and relative azimuth angles highly variable between overpasses (not confined to near-nadir views), and even variable within a single overpass. There are two shortwave backscatter channels (approximately 580 -680 and 720-1100 nanometers for channels 1 and 2, respectively), one channel (approximately 3.5-3.9 mm, channel 3) that measures a combination of solar backscatter and thermal emission, and two middle infrared channels (channels 4 and 5, centered on 11 and 12 mm, respectively). The prelaunch response functions of these channels are noticeably different between satellites, and cannot be characterized at all once the optics are in orbit and have experienced some degradation over time. The three thermal channels can be calibrated reasonably well by referencing an on-board blackbody [Weinreb et al., 1990] , but for the two solar backscatter channels one must rely on ad hoc earth-scene calibration procedures that use images of the world's deserts or ice sheets in an attempt to monitor sensor degradation over time [e.g., Brest and Rossow, 1992; Rao and Chen, 1996] . The solar backscatter channels are not ideal for cloud optical depth retrieval, because of these calibration uncertainties. Radiance in channel 3 is sensitive to cloud particle size an phase [Key and Intrieri, 2000] , but this channel is not ideal for such retrievals because of the thermal component in the signal, which introduces uncertainties. There is evidence that AVHRR data can be successfully applied to the retrieval of Arctic cloud optical properties [Key et al., 1997; Minnis et al., 1998; Han et al., 1999] , but because of the many uncertainties with a less-than-ideal instrument, the procedures must be studied thoroughly.
[6] The SHEBA and FIRE data sets give us an opportunity to study AVHRR retrieval principles and methods in detail. In this case study, we apply a discrete ordinates radiative transfer algorithm [Stamnes et al., 1988] directly to two AVHRR images that have matching MODIS Airborne Simulator (MAS) flight tracks from FIRE [Curry et al., 2000] . The capabilities of the MAS instrument approach those suggested above for an ''ideal'' Arctic cloud remote sensor. Assuming that our radiative transfer formulation is applicable to the problem, we expect that MAS will yield better retrievals of cloud optical depth and effective radius, for three reasons: (1) the sensor has direct radiometric calibration in all channels, (2) the 1.62-mm MAS channel allows for cloud phase and particle size retrieval without errors associated with a thermal radiation component, and (3) the high spatial resolution (50 meters) should make the MAS retrievals less susceptible than AVHRR to errors associated with the single-pixel approximation, for a geographic area of the same size. The goal is to assess the accuracy of AVHRR retrievals, for two relatively simple cloud cases.
Data
[7] We consider AVHRR and MAS data from 2 -3 June 1998. For these days, the extinction and depolarization signatures from the shipboard lidar data (J. Intrieri, personal communication, 2000) indicate the presence of low-level water clouds throughout the day. Throughout both days clouds were stratified into between one and three geometrically thin levels (thickness of order 200 m). There was occasional light ice crystal precipitation from the highest cloud level at various intervals, as indicated by a lidar depolarization ratio approaching 0.2. During the times of the MAS and AVHRR overflights, the lidar data suggest that the clouds were organized into a single level below 1 km on 3 June, and into two levels, both below 2 km and separated by approximately 300 m on 2 June. Ice crystal precipitation appears to be entirely absent during the 3 June case, but may be present in a very slight amount over the SHEBA ice camp during the 2 June case.
[8] The two overpasses considered are a NOAA 14 overpass at 2234 UT on 2 June, and a NOAA 12 overpass at 2040 UT on 3 June. The MAS overflight tracks that most closely match these satellite overpasses in time and space are track 9 on 2 June (2225-2304 UT) and track 6 on 3 June (2034 -2049 UT). The MAS flight tracks are both 37.25 km wide. Both AVHRR images, with overlaid MAS flight tracks, are shown in Figure 1 . Although there appear to be large areas of no data in Figure 1 , these are arbitrary artifacts of image processing and sampling over SHEBA: the MAS flight tracks are not near the edge of the actual AVHRR overpasses (which would imply additional retrieval uncertainties due to large viewing zenith angles). For the 2 June image, the solar zenith angle ranged from 53°-56°, the AVHRR viewing zenith angle within the MAS flight track ranged from 5°-15°, and the AVHRR relative azimuth angle within the MAS flight track ranged from 120°-140°. For the 3 June image, the solar zenith angle ranged from 54°-57°, the AVHRR viewing zenith angle within the MAS flight track ranged from 20°-38°, and the AVHRR relative azimuth angle within the MAS flight track ranged from 176°-177°.
[9] Before using the AVHRR channel 1 or 2 data for a radiometric application, a vicarious calibration must be applied as discussed above. For NOAA 14, NOAA currently provides ongoing radiometric corrections for these two AVHRR channels, following the method of Rao and Chen [1996] . For NOAA 12, radiometric corrections for AVHRR channel 1 were available from the International Satellite Cloud Climatology Project (ISCCP), using the method of Brest and Rossow [1992] . For NOAA 12 channel 2, no postlaunch radiometric calibration information is available, and we made an initial estimate of the sensor degradation over time by examining the degradation rates of channel 1 in the ISCCP radiometric corrections. For NOAA 11 and NOAA 12 channel 1, the ISCCP radiometric corrections reveal both increases and decreases in detector sensitivity over time. The AVHRR channel 2 on NOAA 12 may also have behaved in this manner, in which case we have no way of estimating its sensitivity with information at hand. However, for NOAA 7, 8, 9, 10, and 14, the ISCCP radiometric calibrations reveal nearly linear degradations of detector sensitivity over time, and this suggests a greater likelihood of linear degradation of NOAA 12 channel 2 as well. By running linear regressions over the ISCCP radiometric corrections for these five examples, and taking their average, we estimate that a radiometric correction of 1.3 can be used to correct for the degradation in NOAA 12 channel 2 after 83 months of operation. After making this initial correction, intercomparison of cloud-free channel 2 scenes between NOAA 12 and (the NOAA-corrected) NOAA 14 suggested that an additional correction factor of 1.17 was required, for a total radiometric correction of 1.52 for the NOAA 12 channel 2 data of 3 June. Thus, for our 3 June case, the radiometric correction for AVHRR channel 2 is not as reliable as that for the 2 June case. However, this study illustrates that a comparison of NOAA 12 and NOAA 14, with colocated MAS data, can be used to check the calibration for NOAA 12 AVHRR channel 2 and thus make both NOAA 12 and NOAA 14 data useful during the SHEBA experiment.
Retrieval Methods
[10] The discrete ordinates radiative transfer model is applied to the retrieval of cloud optical depth and effective droplet radius following the procedures of Han et al. [1999] . We refer the reader to Han et al. [1999] for a detailed description of how the discrete ordinates model is set up for spectrally resolved calculations in a vertically inhomogeneous atmosphere coupled with a snow surface. However, some of the important aspects of this fully detailed radiative transfer formulation are noted here. For water clouds, the single scattering albedo, scattering asymmetry factor, and volume extinction coefficient, are parameterized as a function of wavelength and effective droplet radius following Hu and Stamnes [1993] . AVHRR channel 2 is used instead of channel 1 to retrieve cloud optical depth, because at the longer wavelengths of channel 2, many Arctic surfaces (e.g., snow covered sea-ice during late spring) have a noticeably lower albedo than at channel 1 wavelengths [e.g., Grenfell and Perovich, 1984] . Hence the backscattered radiance in channel 2 is a useful function of cloud optical depth, while the backscattered radiance in channel 1 is less sensitive to cloud optical depth over many Arctic surfaces.
[11] To determine a characteristic surface albedo and surface bidirectional reflectance distribution function for each image, clear-sky areas were examined using a radiative transfer model that couples a model snowpack to a model atmosphere following Han et al. [1999] . A characteristic snow grain size and soot content was found that matched the measured clear-sky radiances to the radiative transfer model. This model snowpack, which simulates the backscattering properties of the snow covered sea ice surface (including any subpixel open water areas or melt ponds), was used under the cloud decks for retrieval of cloud optical properties. This procedure was used for both the MAS and AVHRR data.
[12] In order to use channel 3 to retrieve effective droplet radius, the thermal component to the measured radiance must first be subtracted. As a first approximation, one can assume that there is negligible difference in scene emissivity between 3.7 and 11 mm. The thermal radiance component can then be evaluated by means of a response-functionweighted integral of the Planck function over the channel 3 bandwidth, using the scene brightness temperature of channel 4 [Gesell, 1989] . A more realistic approximation involves parameterizing the wavelength-dependent emissivity of real clouds. Using nighttime AVHRR imagery, one can parameterize the thermal radiance in channel 3 as a function of the brightness temperature difference between channels 4 and 5 [Roger and Vermote, 1998 ]. For optically thick clouds that behave like blackbodies, the brightness temperatures in channels 4 and 5 should be nearly identical. For optically thin clouds, the cloud emissivity has a wavelength dependence that can result in these brightness temperatures being different by up to 5 K [Yamanouchi and Kawaguchi, 1992] . We applied both of methods for estimating the channel 3 thermal component, and found that for the two cases considered here the differences in the estimated thermal radiance component were less than 5%. Once the thermal component was subtracted from the channel 3 signal, the solar reflectance was evaluated. A threshold reflectance value of 0.08 and above was used to identify cloudy pixels. For these particular images, this corresponds to a brightness temperature difference between channels 3 and 4 of approximately 18 K. Comparing this threshold to the spectral cloud detection methods of Yamanouchi and Kawaguchi [1992] , we note that this is a conservative threshold that we expect to reject many pixels containing scattered cloud cover.
[13] The MAS retrieval algorithm involves cloud masking and surface identification [e.g., Hall et al., 1995] , cloud phase discrimination, and finally an application of the discrete ordinates model to retrieve cloud optical depth and effective radius from backscattered radiances at 0.86 and 1.62 mm. For distinguishing clouds from the underlying snow covered sea-ice surface, the NDSI threshold is evaluated, using the reflectances R in the 0.56 mm and 1.62 mm channels. In the visible channel, both clouds and snow have a relatively high reflectance. The reflectance of ice or snow is generally much larger in the visible than at 1.62 mm [e.g., Grenfell and Perovich, 1984] . Clouds, however, exhibit a much larger reflectance than snow or ice at 1.62 mm. We therefore expect the NDSI to be low for clouds and high for snow. The NDSI will also be low for open water, and the 0.66 mm channel is used as a test for open water versus cloud in all pixels having NDSI < 0.4. If the 0.66-mm reflectance in a low-NDSI pixel is less than 0.37, the pixel is classified as cloud-free with mostly open water. Pixels with NDSI < 0.4 that pass the auxiliary 0.66 mm test are labeled as cloudy with high confidence. Pixels with 0.4 < NDSI < 0.55 are labeled as cloudy with lesser confidence. In this study, the retrieval of cloud optical depth end effective radius was only attempted for the high confidence cloudy pixels.
[14] Three thermal infrared MAS channels can be readily used to identify cloud phase. Because the imaginary parts of the refractive indices of liquid water and ice can vary from one another throughout the infrared, we can make use of the brightness temperature differences T B (11 mm-12 mm) and T B (8.6 mm-11 mm) [Strabala et al., 1994; Baum et al., 2000] . If T B (11 mm-12 mm) > T B (8.6 mm-11 mm), the pixel is classified as containing a liquid water cloud. If T B (11 mm-12 mm) < T B (8.6 mm-11 mm), the pixel is classified as containing ice cloud. If T B (11 mm-12 mm) % T B (8.6 mm-11 mm), the pixel is classified as containing mixed phase cloud. This technique for phase discrimination is not infallible, because the brightness temperature differences in these channels can also depend on the particle size, and in the case of optically thin cloud, on radiance emitted by the surface and transmitted through the cloud. However, in the two MAS flight tracks considered here, very few ice or mixed phase clouds were found by this technique, and these pixels were omitted from the retrievals.
[15] The 0.86 mm and 1.62 mm radiances were used to estimate cloud optical depth and then effective radius, respectively, in a similar manner as in the work of Han et al. [1999] . We expect the 1.62 mm retrievals of cloud effective radius to be more reliable than those based on AVHRR channel 3, because there is no uncertainty due to a thermal component at 1.62 mm.
Results
[16] Figures 2 and 3 show the AVHRR-based retrievals of cloud optical depth and effective droplet radius for the 2 June and 3 June case, respectively. What is immediately apparent in these images is the large variability in cloud optical depth, and hence cloud liquid water path, over spatial scales of order 10 km, in typical Arctic stratus cloud decks. In the 2 June case, cloud optical depth sometimes varies between 25-60 within a few pixels. In the 3 June case, the overall range in cloud optical depth is not as great, but the cloud optical depth often varies by a factor of two (20 -40) within a few pixels. Both cases show a similar range of variability in effective droplet radius (approximately 6 -14 mm). Figures 4 and 5 show the corresponding retrievals from the MAS flight tracks on 2 June and 3 June, respectively. In these higher resolution images, we see a similar range of variability in both cloud optical depth and effective radius over only a few pixels (spatial scales smaller than 1 km). Figures 2, 3 , 4, and 5 therefore illustrate how cloud optical properties can vary considerably over various spatial scales within Arctic stratiform cloud cover.
[17] There are three possible sources for the variability of the retrievals shown in Figures 2, 3 , 4, and 5: (1) real spatial variability in the column-integrated/column averaged quantities being retrieved, (2) variability artificially induced by non-plane-parallel effects in real clouds, such as cloud edges or cloud top roughness, and (3) spatial variability in the underlying surface albedo. With respect to (3) Lubin et al. [1994] showed that the planetary albedo over a cloud of moderate opacity (say, optical depth 10) can increase by 60% as the underlying surface albedo changes from that of open water to that of snow cover. Unless active microwave imagery can be used to specify the surface type at the same spatial resolution as the cloud remote sensor, it may be necessary to average the retrieved cloud optical properties over larger spatial scales, as discussed below.
[18] In Figures 6 and 7 , for the 2 June and 3 June cases respectively, the MAS retrievals of cloud optical depth and effective radius are averaged to the resolution of the AVHRR data, then averaged across the flight track, and are plotted with the AVHRR retrievals along the flight track in increments of 1 AVHRR pixel along track (i.e., the samples are $1.1 Â 37.25 km wide). In both cases, the MAS and AVHRR retrievals of effective radius correlate well throughout most of the flight tracks. At the beginning and end of each flight track we see the greatest variability and largest discrepancies between effective radius retrievals, but there is no obvious overall bias in the AVHRR retrievals as compared to MAS. In the 2 June case, we see that the MAS and AVHRR retrievals of optical depth correlate very well, although there is a high bias in the AVHRR retrievals.
The large variability in cloud optical depth (more than a factor of two) is surprising, given that Figure 1 shows that this transect is over a uniform cloud top brightness temperature (approximately 263 K). [19] The larger variability (a factor of 3) in cloud optical depth along the flight track on 3 June is less surprising; Figure 1 shows that cloud top brightness temperature varies between 260 -270 K along this flight track. In the first 60 km of the flight track, the MAS and AVHRR retrievals of cloud optical depth correlate very well, with much less of an apparent bias in the AVHRR retrieval. Toward the end of this flight track (80 -90 km), there are discrepancies as large as a factor of 3 between the MAS and AVHRR retrievals. Figure 1 shows that along the final 1/5 of the flight track, the scene brightness temperature is uniform at 270 K. Referring to Figure 8 of Han et al. [1999] , we see that this brightness temperature could be consistent with a low stratiform cloud having optical depth greater than 5 and any effective droplet radius, over a surface whose temperature is near 273 K. In the AVHRR data at 1 km resolution, this is ambiguous, and the AVHRR cloud masking technique identified all of these pixels as cloudy. However, Figure 5 shows that most of the Figure 6 . Retrievals along the MAS flight track of (A) cloud optical depth and (B) cloud droplet effective radius, for the colocated MAS and AVHRR imagery in the afternoon of 2 June 1998. The MAS retrievals have been averaged to the resolution of the AVHRR. The distance scale on the horizontal axis refers to increasing distance inward from the edge of the AVHRR image shown in Figure 1 . The cloud optical depth is for conservative scattering (wavelengths less than 1 mm).
MAS pixels in the final 1/5 of the flight track (toward the top of the figure) are identified as cloud-free. Thus, the AVHRR pixels in this part of the flight track probably contain broken cloud cover, and the AVHRR retrievals of optical depth should be considered inaccurate. Similarly, Figure 4 suggests that many of the AVHRR pixels near the end of the flight track for 2 June may also be partially cloudy, and in Figure 6 we see that the high bias in the AVHRR optical depth retrievals is largest (a factor of two) at the end of the flight track.
[20] One possible interpretation of the various discrepancies between sensors mentioned above is that remotely sensed cloud optical properties should be averaged over much larger spatial scales than the original footprint of the sensor. In Figure 8 , we show the retrievals for effective radius and cloud optical depth averaged first across the 37.25 km width of the MAS flight track, and then over 10 km intervals along the flight track, for the 2 June case. This spatial averaging eliminates most of the extreme variability between MAS and AVHRR retrievals, and the improves the overall correlation between quantities retrieved from both sensors. However, the high bias in AVHRR cloud optical depth remains. For effective radius, this spatial averaging renders the mean values retrieved from both sensors to Figure 7 . As in Figure 6 , but for the colocated MAS and AVHRR images from the afternoon of 3 June 1998.
within 2 mm of each other, although large standard deviations (of order 4 mm) remain at the ends of the flight track.
[21] For the 3 June case, the 37.25 Â 10 km spatial averaging makes a less obvious improvement in the retrieval intercomparison, as shown in Figure 9 . The MAS and AVHRR retrievals of cloud optical depth correlate well for the first 60 km of the flight track, but they did at the 37.35 Â 1 km spatial resolution of Figure 7b . For effective radius averaged to 37.25 Â 10 km spatial resolution, there are still some differences between the retrievals as large as 3 mm. Figure 10 shows the MAS and AVHRR retrievals for the 3 June case averaged to 37.25 Â 20 km resolution. With this coarser spatial averaging, discrepancies in retrieved effective radius are reduced to less than 2 mm between sensors for most of the flight track, and the correlation between retrieved optical depths is further improved. Figures 8, 9 , and 10 suggest that AVHRR-based retrievals of cloud optical properties may become more stable for atmospheric radiation budget evaluation if they are averaged to a spatial resolution of order 10-30 km.
[22] The high bias in cloud optical depth retrieved from the AVHRR data on 2 June is significant, because it is the likely result of only a small error in channel 2 radiance calibration. Figure 14 of Han et al. [1999] shows that for cloud optical depths greater than 5, a high bias of 4% in channel 2 measured radiance will lead to a bias of 30% in retrieved cloud optical depth. The discrepancies between the AVHRR and MAS cloud optical depth retrievals in Figure 6 are this order of magnitude or greater. If we use the retrievals to estimate the cloud liquid water path using the standard conservative scattering limit [e.g., Liou, 1992] :
we find that the discrepancies between the AVHRR and MAS estimates are consistently of order 100 g m À2 (figure omitted). Thus small errors in radiometric calibration can lead to unacceptably large errors in meteorological parameters retrieved from the AVHRR data. If one examines closely and intercompares the time-dependent postlaunch radiometric correction functions given by ISCCP [Brest and Rossow, 1992] , NOAA [Rao and Chen, 1996] , and others, one will routinely notice radiance discrepancies of order 5% between them. There is also additional uncertainty implied by the scatter within the empirical functions of radiance versus time that form the basis for these postlaunch corrections. This underscores the value of the FIRE MAS data set as a calibration standard for the AVHRR solar backscatter channels during SHEBA.
Conclusions
[23] The discrete ordinates radiative transfer method we have applied to these two AVHRR and MAS cases is as rigorous a plane-parallel formulation as is practical. In this method, we have emphasized physical completeness over computational efficiency, in order to better understand the potential for using AVHRR data to retrieve cloud properties in the Arctic. The following conclusions can be drawn:
1. There is considerable variability in cloud optical depth, and hence cloud liquid water path, over spatial scales ranging from tens of meters to tens of kilometers, even in simple Arctic stratiform clouds identified as containing mainly liquid water. This spatial variability can be greater than variability in cloud top temperature (an indication of cloud top height). AVHRR data can be useful for monitoring some of this variability. Averaging the satellite retrievals over spatial scales of order 10-30 km can 2. The retrievals of cloud effective radius from the AVHRR 3.7-mm channel generally agree well with the retrievals from the MAS 1.62-mm channel, despite the need to remove the thermal component of the signal in the AVHRR data. This may be related to the on-board radiometric calibration of AVHRR channel 3, as opposed to only postlaunch calibration in channels 1 and 2.
3. In AVHRR pixels that contain partial cloud cover, the standard high latitude cloud masking technique using the brightness temperature difference between channels 3 and 4 may tend to identify those pixels as cloudy, even if the cloud masking threshold is chosen conservatively. Planeparallel retrievals of cloud optical depth and effective radius from these pixels may not immediately appear to be unreasonable, but in our case studies such retrievals were considerably different from the MAS retrievals. The identification of partially cloudy pixels in high latitude AVHRR data may be one of the more important challenges. It may be possible to develop extensions of techniques, such as the spatial coherence method [Coakley and Bretherton, 1982] , that have proven successful at lower latitudes.
4. Despite using the postlaunch calibration coefficients published by NOAA, our NOAA 14 AVHRR retrievals of cloud optical depth, and related estimation of cloud liquid water path, are unacceptably larger than those retrieved from the MAS data. On the other hand, our very rough estimate of the channel 2 radiometric correction for the NOAA 12 AVHRR happened to result in cloud optical depth retrievals that agreed well with those from the MAS data. The conclusion we draw from this is that the MAS data sets might serve as a standard for refining the postlaunch calibration of the AVHRR sensors, specifically for SHEBA. In principle, one could use a radiative transfer model to develop wavelength conversion functions for the various channels (e.g., for comparing the 0.86 mm MAS channel to AVHRR channel 2), and to account for the viewing angle differences between MAS and AVHRR over uniform cloudy scenes.
